Objective: To compare three different in vitro maturation (IVM) media for immature oocytes. Design: Experimental study. Setting: In vitro fertilization laboratory. Animal(s): BDF1 female and male mice. Intervention(s): Retrieval and maturation of cumulus-enclosed germinal vesicle-stage oocytes according to one of three protocols: group A, conventional IVM medium; group B, blastocyst culture medium; and group C, tissue culture medium (TCM) 199. Main Outcome Measure(s): Maturation, fertilization, and developmental rates of immature oocytes. Result(s): A total of 653 immature oocytes were cultured in vitro and then analyzed. No difference was found in maturation rates and fertilization rates in comparing groups A and B. However, the IVM rates were statistically significantly increased in groups A and B compared with group C. No difference was found in fertilization rates between media, but the developmental competency to blastocyst stage was statistically significantly higher in group B compared with group C.
In vitro maturation (IVM) of immature oocytes obtained from small antral follicles is a promising technique for infertility treatment or fertility preservation. Despite more than 1,000 healthy infants having been delivered through the IVM process as of 2008 (1, 2) , only a few hospitals practice the technique. Many trials have attempted to improve oocyte maturation and embryo developmental rates. One study demonstrated an increased beneficial effect using retinoids for goat embryonic development (3) . The maturation media for both humans and animals are usually supplemented with various protein sources such as fetal bovine serum, fetal cord serum, or maternal serum. It is believed that these serums contain albumin and other unknown constituents that are helpful for immature oocyte maturation. Although different protein sources have been used, all of the studies have given comparable results (4) .
A variety of culture media are available, and the choice of the base medium for IVM is considered particularly difficult. Currently, the most commonly used culture medium for IVM is conventional IVM medium. Commercialized IVM media such as MediCult (Origio A/S, Jyllinge, Denmark) and Sage (CooperSurgical, Trumbull, CT) have demonstrated reasonable fertilization, implantation, and clinical pregnancy rates (5, 6) . During IVM, it is important that the culture medium provide the oocytes with energy metabolites of the glycolytic pathway, such as pyruvate and adenosine triphosphate (ATP) (7) . On this basis, the pyruvate supplementation found in both blastocyst culture medium and tissue culture medium 199 (TCM-199) is essential.
All three media appear to be valuable for use in in vitro culture of immature oocytes. Our study compared the maturation, fertilization, and developmental competency of immature mice oocytes after in vitro culture with the three culture media.
MATERIALS AND METHODS
The experimental protocols and animal handling procedures were reviewed and approved by the Animal Ethics Committee of Ajou University. Oocytes were obtained from 6-to 8-week-old BDF1 female mice (Orient Bio, Sungnam, South Korea) raised in the research colonies of the investigators at the animal laboratory. Germinal vesicle (GV)-stage oocytes for IVM were isolated from large antral follicles 48 hours after the mice were given an intraperitoneal injection of 5 IU pregnant mare serum gonadotropin (Sigma Chemical, St. Louis, MO). The mice were killed 48 hours later by cervical dislocation.
In Vitro Maturation, Fertilization, and Development
Oocyte-cumulus complexes with a tight, unexpanded cumulus oophorus and an oocyte at the GV-stage were selected for IVM. The IVM, fertilization, and development were carried out as follows. The oocytes were washed with human tubal fluid (HTF)-N-(2-hydroxyethyl)piperazine-N'-(2-ethanesulfonic acid) (HEPES; Irvine Scientific, Santa Ana, CA) to remove blood and debris. Cumulus-enclosed GV-stage oocytes were retrieved and matured according to the protocol: group A ¼ conventional IVM medium (Sage; CooperSurgical); group B ¼ blastocyst culture medium (BMI, Suwon, South Korea); and group C ¼ TCM-199 (Sigma). Immature oocytes were randomly assigned to culture plates containing 1 mL of each culture media. All media were supplemented with 10% synthetic substitutive serum (SSS; Irvine Scientific, Santa Ana, CA), and human menopausal gonadotropin (0.075 IU/mL, IVF-M; LG, Seoul, South Korea). All media were also supplemented with pyruvate (22 mg/mL), streptomycin (0.06 mg/mL), and penicillin (0.06 mg/mL).
Dishes were then incubated in a humidified atmosphere of 5% CO 2 at 37 C. After 24 hours of culture, all the cumulus-oocyte complexes surrounding the oocytes were removed with hyaluronidase solution (H 4272 type IV-S; Sigma) at a dilution of 80 IU/mL for a maximum of 30 seconds and then washed with human tubal fluid (HTF) supplemented with 10% SSS. Mature oocytes were determined by the presence of a first polar body.
Epididymal spermatozoa were retrieved from the cauda epididymis of 6-to 8-week-old BDF1 male mice (Orient Bio), and the sperm suspensions were preincubated for 1.5 hours in capacitation medium (CooperSurgical/Sage). The matured oocytes were then inseminated by sperm at a final dilution of 2 Â 10 6 /mL and incubated at 37 C in humidified 5% CO 2 in air. Inseminated oocytes were washed away from sperm by gentle pipetting 6 hours later, then placed in one of the three different media.
After insemination, the oocytes were cultured singularly in 25 mL HTF supplemented with 10% SSS and evaluated 16 to 18 hours later. Fertilization was considered normal when two pronuclei were identified. After fertilization, we assessed embryo developmental results for 5 days. We analyzed the oocyte maturation, fertilization, and developmental rates of the blastocyst stage.
Statistical Analysis
Data collected on oocyte maturation and fertilization rates were analyzed by Pearson chi-square analysis. P<.05 was considered statistically significant.
RESULTS
A total of 505 immature oocytes (group A: 230; group B: 223; and group C: 200) were cultured in vitro and then analyzed. The maturation rate (121 out of 230, 52.6%; 115 out of 223,51.6%; and 78 out of 200, 39.0%, respectively) per retrieved immature oocyte was statistically higher in groups A and B than in group C. The fertilization rate (61 out of 121, 50.4%; 68 out of 115, 59.1%; and 37 out of 78, 47.4%, respectively) per matured oocyte was not different among the three culture media. The developmental rate to the blastocyst stage (3 out of 61, 4.9%; 10 out of 68, 14.7%; and 1 out of 37, 2.7%, respectively) was statistically significantly higher in group B than in group C (Table 1 ). Our study demonstrated that blastocyst culture medium has a comparable or even superior effect on maturation and developmental competency to blastocyst stage of immature oocytes in in vitro culture conditions.
DISCUSSION
Our study demonstrated that blastocyst culture medium and conventional IVM medium had a superior effect in the mouse model for immature oocyte maturation, fertilization, and subsequent embryo development compared with TCM-199. Since the first report of the spontaneous gonadotropin-independent meiotic maturation of mammalian oocytes in vitro (8) , developmental successes with animal models have presented clinicians with the possibility of using oocytes matured in vitro (9) . By virtue of these efforts, IVM of human oocytes became possible. Up to now, only conventional IVM medium has been widely used. However, as the small trial numbers of IVM and funding restrictions indicate, more feasible and economic IVM culture media are needed.
We compared each formulation among different media (Table 2) . According this analysis, taurine and calcium lactate were the only components that were present in blastocyst culture medium but not in the two other media. Taurine, which is a b-amino acid, acts as an antioxidant in vivo in the oviductal fluid. Large amounts of taurine and hypotaurine are present in gametes and in the embryo environment in all the species reported to date. The beneficial effect of supplementing culture medium with taurine on in vitro embryo development has been reported in several species, including the mouse (10), cow (11, 12) , and rabbit (13) . It has been demonstrated that enriching the culture medium with taurine and melatonin can improve in vitro oocyte meiotic maturation and embryo development (14) . Increased oxidative stress appears to play a major role in impairing in vitro mammalian embryo development, and several defense mechanisms are present in mammalian embryo development. In vivo, hypotaurine and taurine are synthesized and secreted by oviductal epithelial cells. Hypotaurine can neutralize hydroxyl radicals and prevent lipid peroxidation. The byproduct of hypotaurine, after free radical scavenging, is taurine. Taurine has indirect antioxidant effects. One study proposed that somatic cells might secrete embryotropic factors and may lower the damage caused by oxygen (15) . We hypothesized that blastocyst culture media containing taurine would have a superior effect on immature oocyte in vitro maturation and development to blastocyst stage through the role of the free radical scavenging effect.
Nuclear changes during oocyte maturation and fertilization are coordinated with organelle movements to ensure normal embryo development. Cytoplasmic changes occur, and mitochondria undergo a complex stage-specific intracellular translocation that seems to be a critical step for their subsequent development (16, 17) . During oocyte maturation and fertilization, dramatic mitochondrial distribution changes occur with the aim of bringing mitochondria to the region of the cell where a higher energy source, such as ATP (18) or calcium release, is required (19) . We previously reported on the role of extracellular ATP as an inducer of apoptotic cell death in human granulosa cells and that treatment with human chorionic gonadotropin (hCG) eliminated both ATP-induced mitochondrial depolarization and apoptosis (20) . In the previous study, the receptor type that binds ATP, thus mediating ATP-induced apoptosis, was determined by using the calcium imaging and patch-clamp techniques. One study evaluated mitochondrial organization in prepubertal goat oocytes cultured with calcium lactate during IVM and fertilization (21) . The accumulation of mitochondria in the perinuclear area indicated that pronuclear opposition and syngamy may require high concentrations of ATP or free calcium. Abnormal and asymmetric mitochondrial distribution around pronuclei could directly affect mitochondrial distribution to the daughter cells, thereby producing blastomeres with an incomplete mitochondrial number that have low-energy production (17) . Although the precise mechanism is unknown, blastocyst culture media containing calcium lactate may positively affect mitochondrial function for obtaining sufficient ATP production.
Some investigators demonstrated that there is no difference between TCM-100 medium and conventional IVM medium (6, 22) . However, our results indicate that blastocyst culture medium is superior to TCM-199. We cannot precisely explain this phenomenon, but we were able to duplicate these results. Further studies on human immature oocytes are underway, and we hope to obtain human data prospectively.
Supplementation or replacement of standard culture medium appears to be necessary to optimize the maturation of immature oocytes. Epidermal growth factor, gonadotropins, and essential and nonessential amino acids were used to optimize the maturation of porcine oocytes (23, 24) . For human oocyte maturation, human menopausal gonadotropin, pregnant mare serum gonadotropin, follicle-stimulating hormone (FSH) and luteinizing hormone, pyruvic acid, estradiol (E 2 ), recombinant FSH, insulin, transferrin, and selenium have been added to the IVM media (25) (26) (27) . Undefined protein sources, such as fetal bovine serum, human maternal serum, synthetic human serum, and human follicular and peritoneal fluid have also been used to supplement maturation media (28) (29) (30) . Taken together, no one recipe for maturation medium has suited all researchers, and further studies are needed to address the mechanism of oocyte maturation in vitro.
Most animal testing leads to human trials. The studies to optimize culture conditions for oocytes and embryo development using animal models are limited by the availability of resources and the fact that the exact mechanism of immature oocyte maturation itself is unknown. Nonetheless, clinically this result means blastocyst culture medium may be a good alternative to the IVM culture medium. 
